[1] Recent field observations in urban areas have shown that trace gases, such as O 3 , NO 2 , and NO 3 , develop distinct vertical concentration profiles at night. Because nocturnal chemistry can change the gas-phase and particulate composition in the urban boundary layer considerably, it is important to understand the mechanisms that lead to the change of trace gas levels with altitude. The quantification of the altitude dependence of chemical processes leading to the removal of volatile organic carbons (VOC) and NO x are crucial to assess the influence of nocturnal chemistry on ozone formation during the following day. We present a one-dimensional chemical transport model developed to study the interaction between chemistry and vertical transport in the nocturnal boundary layer. The model reproduces the general features found in field observations, such as positive O 3 and NO 3 gradients. The slow upward transport of NO and VOC emitted near the ground and the simultaneously occurring chemistry, in particular the reactions of NO with O 3 and NO 3 , are found to control the vertical structure of the chemistry of NO x , NO 3 , N 2 O 5 , and VOC. In the case of NO 2 and O 3 , dry deposition is also significant. The model results show that vertical transport of N 2 O 5 plays an important role, and is often the main source of NO 3 radicals near the ground. Chemical steady state calculations of the concentrations of NO 3 and N 2 O 5 , as they have been used in the past, are therefore not representative in cases with significant vertical fluxes of N 2 O 5 . The vertical gradient of the oxidation rate of NO 2 implies that the removal of NO x occurs predominately in the upper nocturnal boundary layer (NBL). Our study shows that observations at one altitude and chemical box models are often insufficient to accurately describe the chemistry in NBL. 
Introduction
[2] Nocturnal chemistry and physics play a crucial role in the conversion and removal of air pollutants such as nitrogen oxides and volatile organic carbons (VOC), which would otherwise be available for daytime ozone formation [Allan et al., 2000; Geyer et al., 2001a Geyer et al., , 2001b Heintz et al., 1996; Martinez et al., 2000; Mihelcic et al., 1993; Paulson and Orlando, 1996; Platt et al., 2002; Smith et al., 1995; Wayne et al., 1991] . Photolytic reactions, which are the driving force of atmospheric chemistry during the day, are absent at night. As a consequence, the NO 3 radical, which is rapidly photolyzed during the day [Geyer et al., 2003a; Magnotta and Johnston, 1980; Wayne et al., 1991] , becomes the dominant radical species. Besides NO 3 , ozone plays an important role as an oxidant of NO and unsaturated VOC.
[3] During the night convection is suppressed by radiative cooling of the surface, often generating stable vertical stratification. Consequently, vertical turbulent transport produced by wind shear is reduced by negative buoyancy [Arya, 1988; Businger et al., 1971; Rao and Snodgrass, 1979] . Trace gases emitted near the surface can accumulate close to the ground influencing the vertical profiles of reactive species. Zero-dimensional approaches such as measuring trace gases at only one altitude, or applying box models, which assume vertically evenly distributed concen-trations [Allan et al., 2000; Bey et al., 1997; Faloona et al., 2001; Geyer et al., 2003b; Gölz et al., 2001; Mihelcic et al., 1993; Platt et al., 1990] , may therefore not be applicable in the nocturnal boundary layer (NBL).
[4] This is the second of two papers proposing a onedimensional view of the NBL. The first paper by concentrates on the observation and interpretation of vertical profiles of the NO-O 3 -NO 2 system, NO 3 , and N 2 O 5 during the TEXAQS 2000 study in La Porte near Houston, TX. Here we describe one-dimensional modeling studies of the mechanisms influencing the development of vertical profiles of trace gas concentrations in the urban and rural NBL. The role of vertical transport in nocturnal chemistry, and the influence of chemistry on the vertical fluxes of reactive gases in the NBL are analyzed.
[5] The following section gives a short overview of previous work about the vertical distribution of trace gases in the planetary boundary layer.
The Vertical Distribution of Trace Gases in the NBL
[6] During recent years a number of studies were performed to investigate the vertical profiles of trace gases in the NBL. Generally, a reduction of O 3 toward the ground was observed in both rural and urban areas [Cros et al., 1992; Glaser et al., 2003; Guesten et al., 1998; Pisano et al., 1997; Stutz et al., 2004; Wang et al., 2003; Zhang and Rao, 1999] . The positive O 3 gradient is attributed to dry deposition of O 3 , and titration of O 3 with NO emitted close to the ground. Often, ozone is completely destroyed in the NBL at the end of the night, while it is present at a mixing ratio of more than 40 ppb above 400 m altitude [Guesten et al., 1998 ]. Contrary to O 3 , NO 2 often develops a negative gradient, with highest values in the lowest part of the nocturnal atmosphere due to its production from the reaction of NO and O 3 [Glaser et al., 2003; Guesten et al., 1998; Stutz et al., 2004; Wang et al., 2003] .
[7] Several groups have applied one-dimensional models to study the vertical structures of the NO-O 3 -NO 2 system in the boundary layer [Fitzjarrald and Lenschow, 1983; Gao and Wesely, 1994; Gao et al., 1991; Hov, 1983; Kramm et al., 1991; Lenschow and Delany, 1987; Thompson and Lenschow, 1984] . These studies predict that the fast titration of NO in polluted air can lead to the development of negative gradients of [NO] and [NO 2 ] and a positive gradient of [O 3 ] in the lower boundary layer. The absence of NO 2 photolysis and weaker vertical mixing seems to intensify the vertical gradients during night [Galmarini et al., 1997; Hov, 1983; Riemer et al., 2003] .
[8] Recently, several studies have focused on the investigation of the NO 3 gradient in the NBL [Aliwell and Jones, 1998; Allan et al., 2002; Fish et al., 1999; von Friedeburg et al., 2002; Galmarini et al., 1997; Povey et al., 1998; Riemer et al., 2003; Wang et al., 2003; Weaver et al., 1996] . Generally, urban NO 3 levels are higher at the top of the NBL than near the surface, due to NO emission near the surface and the suppressed mixing during the night [Aliwell and Jones, 1998; von Friedeburg et al., 2002] . Close to the ground, NO 3 is often completely depleted, while up to $120 ppt were detected at 300 m altitude. The observations by Stutz et al. [2004] confirm that in urban areas NO 3 has a positive gradient during most nights. While the NO 3 concentration was often below the detection limit of 10-20 ppt 2 m above the ground, more than 100 ppt were measured at a height of 99-115 m.
[9] Model studies of the vertical profile of [NO 3 ] in the lowest 2 km performed by Fish et al. [1999] also show that NO 3 levels are significantly lower near the ground than at the top of the NBL. Using 1D model calculations for an urban plume case, Riemer et al. [2003] derive a strong positive gradient of [NO 3 ] in the lowest $150 m of the NBL ranging from near-zero levels at the ground to several hundred ppt at 150 m for both high and low NO x regimes.
Model Description
[10] The one-dimensional nocturnal chemical and transport model (NCAT) is based on a system of 1D transport kinetics equations, which express the change of the concentration c i (z, t) of a trace gas i at an altitude z at the time t as follows:
[11] Here, Ψ i (z, t) = À @j i z;t ð Þ @z is the rate of the concentration change caused by the net vertical flux j i (z, t), P i (z, t) the total chemical production rate, L i (z, t) the total chemical loss rate, and E i (z, t) the emission rate of compound i. The equation system is solved with a Gear-type solver (Facsimile [Curtis and Sweetenham, 1987] ). Concentration changes by advection are neglected.
[12] The model spans altitudes from the ground up to 1 km. For this study we subdivided the lowest 250 m into 20 boxes (sensitivity tests show that the results are identical to that of model runs using more than 100 grid points). An additional box between 250 m and 1000 m is used to provide an upper boundary for the model. Considering the reduced vertical transport efficiency near the ground, a logarithmic scale was chosen below 1 m.
[13] The model includes an explicit computation of vertical exchange and the temperature profile, gas-phase and heterogeneous nocturnal NO x -NO 3 -HO x -O 3 chemistry, a simplified VOC oxidation scheme, emission of NO from soil and cars, CO emission from cars, emission of monoterpenes from the biosphere, and dry deposition on the ground. Because the model is restricted to nighttime conditions, photolytic reactions are not included.
2.1. Vertical Transport Calculation 2.1.1. Vertical Flux of an Inert Gas
[14] The vertical flux, j i (z, t), of an inert or slow reacting trace gas, for example CO and CH 4 , is calculated in the model using a linear flux-gradient relationship (K model, we implicitly assume that atmospheric density does not change over the height of the NBL):
[15] In this first-order model, the vertical flux j i (z, t) only depends on the vertical concentration gradient of a gas i, @c i z;t ð Þ @z , and on the altitude dependent eddy diffu-sivity K inert (z, t) (laminar diffusion is considered only close to the ground surface). The eddy diffusivity is identical for all inert gases, and is calculated by Monin-Obukhov similarity theory for an aerodynamically plane terrain using the empirical equations for the dimensionless stability correction factor, F S z L * ; t , for turbulent molecular transport given by Businger et al. [1971] for the lowest 50 m.
[16] In equation (3), k % 0.4 is the von-Karman constant, and u*(t) the Prandtl layer friction velocity. Above 50 m the inert eddy diffusivity is set to its value at 50 m altitude. The correction factor F S z L * ; t is a function of altitude and atmospheric stability, which is described by the MoninObukhov length L*(t).
Vertical Flux of a Reactive Gas
[17] As pointed out by several studies [Brost et al., 1988; Fitzjarrald and Lenschow, 1983; Galmarini et al., 1997; Gao et al., 1991; Hamba, 1993; Lenschow, 1982; McDonaldBuller et al., 1999; Schumann, 1989; Thompson and Lenschow, 1984; Vila-Guerau de Arellano, 2003; VilaGuerau de Arellano et al., 1995] , the unmodified K model is restricted to inert or slow reacting gases because the effect of chemistry on the vertical flux of a trace gas is not considered. Since second order closure models, as applied for example by Galmarini et al. [1997] and Vila-Guerau de Arellano et al. [1995] for reactive gases, are difficult to use with complex chemical frameworks, we included a modified K model in NCAT, which considers the effects of both vertical mixing and chemistry on the vertical flux of a trace gas.
[18] The vertical net flux of a reactive species i can therefore be approximated by
where w 0 (z, t) is the fluctuations the vertical component of the wind speed, z 0 the turbulent mixing length, and t i eff (z, t) an effective timescale for the transport. Using the definition K inert (z, t) = w 0 Á z 0 , the flux of a reactive species can be expressed by
[19] Equation (5) is similar to the modified K model discussed by Hamba [1993] [also Hamba, 1994; Verver, 1994] . The effective time t i eff was approximated by Hamba [1987] using the Two Scale Direct Interaction Approximation (TSDIA) theory [Yoshizawa, 1982] .
[20] In equation (6), j il represent the reaction rate constant of an unimolecular reaction, k ilm the rate constant of a bimolecular reaction involving the gas i. The turbulence
is on the order of 100 s in the NBL [Fitzjarrald and Lenschow, 1983; Lenschow, 1981] .
[21] By introducing the modified K model (equation (5)), vertical transport of a gas is no longer only a function of its concentration profile, but also of the concentration profiles of other gases that react or are educts of this gas (crossdiffusion). Equation (5) is particularly useful if turbulent transport and chemistry occur on comparative timescales. If the chemical timescale of a gas is very short, its vertical flux is influenced little by chemistry, either because it is in a steady state or because t ieff is small. At the other extreme, vertical transport of a gas is hardly influenced by chemistry if its chemical timescale is very long, and equation (2) can be used to calculate j i (z, t).
Calculation of the Temperature Profile
[22] The profile of the potential temperature Q(z, t) in the lowest 50 m is calculated from the heat flux H(t) according to Arya, 1988; Haugen, 1973] . Here, c p represents the mass heat capacity of air, r its density, and F H z L * ; t the dimensionless correction factor for heat transport suggested by Businger et al. [1971] . Above 50 m the potential temperature is set to its value at 50 m altitude. The temperature profile is explicitly used to calculate temperature dependent rate constants and the profile of [H 2 O].
Chemical Mechanism
[23] A simplified version of the chemical reaction scheme of the model is shown in Figure 1 . The reaction framework, as well as most reaction rate constants, are adopted from the Master Chemical Mechanism 3 Saunders et al., 2003 ]. The reaction rates for the NO 3 self-reaction and gas-phase hydrolysis of N 2 O 5 are taken from Sander et al. [2003] and Atkinson et al. [2002] , respectively. The gas-phase chemistry module is limited to the nocturnal key species NO, NO 2 , NO 3 , N 2 O 5 , HONO, O 3 , CO, the HO x radical group OH and HO 2 (with the reservoir species HO 2 NO 2 ), a-pinene, isoprene, propene, propane, CH 4 , various RO 2 radicals, and PAN. The chemistry of reaction products, such as HNO 3 , aldehydes, and H 2 O 2 , which show slow chemistry at night, is not further considered in NCAT.
[24] A key chain is the sequential oxidation of NO into NO 2 and NO 3 by ozone. The nitrate radical can react with NO back into NO 2 . Another reaction path of NO 3 is the reaction with unsaturated VOC. The reaction of NO 3 with NO 2 can lead to the formation of the reservoir species N 2 O 5 , which rapidly decays again into NO 3 and NO 2 . N 2 O 5 can also react with water vapor or water adsorbed on aerosol surfaces (see section 2.3). For more details on NO 3 chemistry refer to Geyer et al. [2001b] and Wayne et al. [1991] .
[25] The complex VOC reaction system in the atmosphere is simplified in the NCAT model by including the explicit oxidation mechanisms of four VOC representing different classes of VOC. This obvious simplification of the VOC chemistry should not affect the analysis of the chemical transport mechanisms in this study. Biogenic VOC are represented by a-pinene and isoprene. These species often account for a major part of the nocturnal VOC reactivity toward NO 3 and O 3, even in urban environments [Berndt and Boge, 1997; Fuentes et al., 2000; Geyer et al., 2001b; Guenther et al., 2000; Kesselmeier and Staudt, 1999; Paulson et al., 1998 ]. Alkanes and alkenes are represented by propane and propene, respectively. The VOC oxidation chains initiated by reactions with NO 3 and OH generally follow the sequence VOC-RO 2 -(RO)-HO 2 -OH, which is discussed in detail by Geyer et al. [2003b] . The direct formation of HO 2 and OH radicals by ozonolysis is also included in the NCAT model [Paulson and Orlando, 1996] . Another source of peroxy radicals is the thermal decay of photochemically produced peroxyacetyl nitrate (PAN), which can persist into the night.
Deposition, Aerosol Uptake, and Emission
[26] Dry deposition and uptake onto aerosols is calculated for a number of species including O 3 , NO 2 , NO 3 , N 2 O 5 , HONO, and HO 2 . The range of uptake coefficients for the various aerosol and ground surfaces is large (see the IUPAC recommendation under http://www.iupac-kinetic.ch.cam. ac.uk). We have therefore chosen uptake coefficients that are in the middle of the range of measured data (see Table 1 ).
[27] Dry deposition is calculated from the number of molecules of a gas in the lowest box colliding with the surface and the respective uptake coefficient. We assume a flat ground surface for the calculation of the deposition rate, which may lead to an underestimation of the dry deposition. The uptake rate of a gas onto aerosols is calculated from the aerosol surface area (assuming a particle diameter of 150 nm) and the uptake coefficient according to the mass transfer equation given by Fuchs and Sutugin [1971] . 
Initialization of the Model
[29] The model is initialized with meteorological parameters, emission rates, and concentrations of O 3 , NO 2 , PAN, and VOC typical for the early part of the night [e.g., Atkinson, 2000; Finlayson-Pitts and Pitts, 2000] . All other compounds start at near-zero concentration. Because of the convective conditions during the day, all trace gases start with uniform concentrations in the NBL. The initial parameters of the scenarios discussed in this paper are summarized in Table 2 .
[30] The variations of trace gas concentrations are calculated for six hours following model start. Since the intent of this paper is to study the mechanisms of the interaction of chemistry and transport in the NBL rather than to simulate the evolution of vertical profiles during the night, meteorological parameters (including the inert eddy diffusivity and temperature profile) and emission rates are kept at their initial values. This simplification has no impact on the conclusions of this paper.
[31] In this study, three different nocturnal stabilities, neutral (K inert (10 m) = 1.0 m were used [Businger et al., 1971] . While in the neutral case an adiabatic temperature gradient is calculated, the model predicts a temperature inversion in the very stable case /cm 3 at 100 m) as suggested for the PLUME1 case by Kuhn et al. [1998] was also studied. The flux of NO from soil was set to a value of 10 10 molecules/cm 2 s in all scenarios. Additionally, emission of NO and CO from cars between 0.1 and 1 m was considered in the urban scenarios, ranging from 0.5-10 Â 10 9 and 3-60 Â 10 9 molecules/cm 3 s, respectively (see Sawyer et al. [2000] for a review on mobile sources in the US). Emission rates of a-pinene from vegetation in 1 -10 m were set to 3 Â 10 6 molecules/cm 3 s in the urban cases, and were varied between 3 and 15 Â 10 6 molecules/cm 3 s in the rural scenarios (see Fuentes et al. [2000] , Ganzeveld et al. [2002] , Guenther et al. [2000] , and Stohl et al. [1996] for data on biogenic emissions). Nocturnal emissions of other VOC are not considered in the model.
Results
[32] We applied the model to various urban and rural scenarios as described in [a-pinene] are identical in all scenarios. The detailed behavior and the magnitude of the effects, however, depend in particular on vertical stability and the NO and VOC emission rates. To provide a detailed analysis of the model results, we have chosen an urban scenario with moderate NO emission and weak temperature inversion (scenario 1 in Table 2 ) as a base run. The influence of variations from these conditions is discussed. We focus our analysis on the lowest 100 m of the NBL.
Development of Vertical Profiles in the Urban Nocturnal Boundary Layer (NBL)
[33] Figure Owing to the assumption of constant meteorology and emission rates we restrict the analysis of the profiles to the first 6 hours of the night. For all species, distinctive vertical profiles in the lowest 100 m of the NBL were found. We exemplarily extracted the individual reaction rates and the rates of concentration change by vertical transport and emission (see equation (1)) one hour after model start in Figure 3 . 3.1.1. The NO-O 3 -NO 2 System
[34] The vertical structure of the NO-O 3 -NO 2 system is controlled by the NO emission between 0.1 and 1 m and the conversion of NO and O 3 into NO 2 and oxygen (Figures 3a-3c ).
[35] The emission of NO close to the ground is the primary cause of the negative gradient of [NO] (Figure 2a ). After 1 hour, NO levels reach 4 ppb in the lowest meter, but less than 0.1 ppt above 20 m. Consequently, turbulent diffusion leads to a net upward flux of NO (positive Ψ NO (z, t)). However, the effective upward flux is strongly reduced by the fast reaction (7) (peak reaction rate of 8 Â 10 8 molecules/cm 3 s), which also limits the height of the NO rich layer. The temporal behavior in Figure 2a shows that this NO layer slowly grows during the night because the chemical loss cannot fully compensate for the NO emissions. At the top of the NBL the influence of the NO emissions is negligible, and a chemical pseudo steady state of NO between its production by the reaction of NO 3 with NO 2 and its destruction by reactions with O 3 , NO 3 , and peroxy radicals can develop ( Figure 3a ).
[36] The concentration of O 3 shows the opposite vertical distribution than NO (Figure 2b ). After 1 hour, the initially uniform O 3 mixing ratio of 60 ppb is reduced to 57 ppb between 80 and 100 m, while only 33 ppb of [O 3 ] remain between 0.1 and 1 m. Ozone levels are less than 13 ppb near the ground and 38 ppb at 90 m after 6 hours. The positive gradient of [O 3 ] is fairly constant with altitude, with the exception of the lowest meters. The fast destruction of ozone near the ground is mainly caused by reaction (7). Dry deposition on the ground surface is another notable O 3 loss during night in scenario 1, and further amplifies the positive O 3 gradient. The strong reduction of [O 3 ] close to the surface is caused by dry deposition. The loss of O 3 near the ground is replenished by the downward transport of O 3 , which acts as the dominant sink for O 3 in the upper NBL (Figure 3b) 
[37] As a consequence of reaction (7), NO 2 exhibits a negative gradient above 1 m, with a maximum of 16 ppb in 0.5-5 m altitude and 9 ppb above 50 m after one hour ( Figure 2c ). As NO titration continues, the average concentration of NO 2 slowly increases during the night. After 6 hours a [NO 2 ] maximum of 18 ppb is found between 3 and 4 m. Compared to reaction (7), other NO 2 sources, such as the reactions of NO with NO 3 , RO 2 , and HO 2 , as well as HO 2 NO 2 and N 2 O 5 chemistry, play no role in scenario 1. Vertical transport of NO 2 from the NO rich ground layer into higher altitudes is the main sink below $12 m (after one hour), and the main source for NO 2 above this altitude. There, C NO2 (z, t) is partly compensated by the reactions of NO 2 with O 3 (reaction (8)) and NO 3 . In the lowest 2 -5 m, NO 2 develops a strong positive gradient because, close to the ground, NO 2 loss by dry deposition is larger than the formation of NO 2 by other processes (Figure 2c ). Dry deposition acts as a major loss path for NO 2 in scenario 1.
A-Pinene
[38] a-Pinene shows a strong negative vertical gradient throughout the night (Figure 2d ). While after 1 hour its mixing ratio is, for example, 50 ppt in the lowest 5 m, a-pinene is negligible above 45 m. The ground level of a-pinene increases to 80 ppt after 6 hours, when a-pinene reaches a height of 65 m. Analysis of the a-pinene source and loss rates in Figure 3d shows that vertical transport of a-pinene, which is emitted between 1 and 10 m, is responsible for its elevated levels above 10 m. The loss of a-pinene is dominated by oxidation by NO 3 (Figure 3d ). After one hour, the reaction rate of a-pinene and NO 3 is highest at 10 m altitude (8 Â 10 6 molecules/cm 3 s). Loss through ozonolysis, which is in general less important than NO 3 oxidation, shows a similar behavior with a maximum at 3 m after 1 hour (1.5 Â 10 6 molecules/cm 3 s). In scenario 1, reactions with OH radicals contribute to the removal of a-pinene only in the lowest 5 m (see also section 3.1.4). Throughout the night the maximum of the total a-pinene oxidation rate moves to higher altitudes as the NO rich ground layer grows, and ozone and NO 3 levels near the ground decrease. 3.1.3. NO 3 and N 2 O 5
[39] The model predicts a strong positive gradient of [NO 3 ] (Figure 2e ). While the NO 3 mixing ratio after 1 hour is 20 ppt above 50 m, [NO 3 ] decreases to 3 ppt at 5 m. During the night the overall NO 3 level in the NBL slowly decreases because of its increased loss frequency by the reaction with NO, and the declining production by reaction of O 3 with NO 2 . The vertical profile of [N 2 O 5 ], which is strongly coupled to NO 3 by the reaction system (9a) -(9b), depends on both the vertical profiles of [NO 3 ] and [NO 2 ] and on the temperature profile.
[40] In scenario 1, N 2 O 5 reveals a positive gradient below 30 m, and a constant level of 340 ppt above this altitude after one hour. Ground levels of N 2 O 5 are less than 50 ppt (Figure 2f ). Note that the negative NO 2 gradient and the positive NO 3 gradient may not compensate for each other, and the N 2 O 5 profile at the top of the NBL may be different in other scenarios. After 6 hours, the N 2 O 5 level has decreased to 220 ppt at top of the NBL and 10 ppt near the ground.
[41] The chemical production rate of NO 3 by reaction (8) is relatively constant over the NBL ($10 7 molecules/cm 3 s, see Figure 3e ). The chemical sinks for NO 3 , however, show a strong variation with altitude: In the lowest 10 m the reaction with NO (reaction (10)) clearly dominates, destroying up to 2.3 Â 10 7 molecules/cm 3 s of NO 3 one hour after model start.
[42] This large sink of NO 3 near the ground is the main cause for the profiles of [NO 3 (Figures 3e-3f ).
[43] The NO 3 -NO 2 -N 2 O 5 reaction system (9a) -(9b) plays another important role for the development of the NO 3 profile. Although both reactions (9a) and (9b) are fast (the lifetime of NO 3 is $2 s at a NO 2 mixing ratio of 20 ppb (290 K), the lifetime of N 2 O 5 is $60 s at 290 K), other reactions, as well as vertical mixing (see also section 4.4), can alter the pure chemical steady state between N 2 O 5 and NO 3 and lead to a net production or loss of NO 3 by reaction system (9a) -(9b). We therefore define the net production rate of NO 3 through N 2 O 5 as
[44] Figure 3e shows that P NO3 (N 2 O 5 ) is negative (sink for NO 3 ) above 7 m, while it is positive (source for NO 3 ) below this altitude. Consequently, vertical transport of N 2 O 5 from higher altitudes toward the ground, and subsequent thermal decay of N 2 O 5 , forms up to 70% of the NO 3 radicals in the lowest 5 m, and is therefore an important formation pathway of NO 3 in the lower NBL. conversion to HNO 3 (including both reaction with water vapor and uptake onto aerosols).
[45] Because of equation (11) 
Variations of the Urban Scenario
[47] Stability, emission rates, pollution, and aerosol levels in the NBL can vary considerably from our arbitrarily chosen scenario 1. We have therefore performed a number of sensitivity studies. The different scenarios, together with their respective parameters, are listed in Table 2 .
Variations of Atmospheric Stability
[48] Figure 4 compares the vertical profiles of the NO-O 3 -NO 2 system, [a-pinene], [NO 3 ], and [N 2 O 5 ] in the weakly stable case of section 3.1 with the profiles in the strong inversion scenario 2 and in the neutral scenario 3. The NO-O 3 -NO 2 system reveals the most obvious response to the change in vertical stability. In the neutral case the high downward flux of O 3 from aloft leads to relatively low NO levels near the ground through reaction (7). Above the NO layer, which is limited to the lowest 15 m of the NBL throughout the night, O 3 and NO 2 are uniformly distributed. In the lowest meters dry deposition and in the case of O 3 reaction (7) lead to positive gradients of O 3 and NO 2 . As the stability increases the downward flux of O 3 decreases leading to higher NO levels near the ground. In the lowest part of the NBL O 3 can be completely destroyed by reaction (7). Under stable conditions the build up of the NO rich layer can accelerate significantly because its emission rate is no longer balanced by reaction (7). Vertical profiles of O 3 and NO 2 are therefore more pronounced at higher stabilities.
[49] The accelerated growth of the NO layer at higher nocturnal stabilities has a strong impact on the vertical profiles of [NO 3 (9b)), the change of the N 2 O 5 profile throughout the night is more complex than that of other trace gases. Similar to NO 3 , the N 2 O 5 gradient in the weak inversion case is more pronounced in the lower part of the NBL. Under strong inversion conditions, a region with maximum N 2 O 5 levels develops at the height where the rate of reaction (9a) has its maximum. In the case of a fairly uniform distributed aerosol, the uptake of N 2 O 5 would be enhanced at this altitude (section 3.2.3).
Variations of the NO Emission Rate
[50] We performed model runs for two scenarios besides scenario 1 (E NO = 2 Â 10 9 molecules/cm 3 s). Scenario 4 has smaller NO emissions (E NO = 0.5 Â 10 9 molecules/cm 3 s), while we assumed a high NO emission rate of E NO = 10 10 molecules/cm 3 s in scenario 5 (Table 2 ). Figure 5 shows the resulting vertical profiles one and six hours after model start. The effect of an elevated NO emission on nocturnal chemistry is already apparent after one hour. The increase of [NO] close to the ground at a high NO emission rate leads to a faster removal of O 3 and NO 3 by reactions (7) and (10). In the beginning of the night the concentration of NO 2 increases faster because of reaction (7). The N 2 O 5 level is only weakly dependent on the NO emission rate due to the counterbalancing effects of lower [NO 3 ] and higher [NO 2 ]. This picture changes considerably after 6 hours: while NO is limited to the lowest 5 m in the low emission scenario, it fills out the whole NBL and reaches a level of 90 ppb in the high emission case. Similar to our discussion in section 3.2.1, the cause of the strong NO buildup at higher NO emission is the complete destruction of O 3 by reaction (7) in the lower NBL. Because of the high NO levels, NO 3 , and N 2 O 5 have completely disappeared after 6 hours. With its main scavengers Table 2 ). A higher O 3 concentration and thus higher NO loss frequency delays the buildup of elevated levels of NO. Because of the higher NO 3 production rate (equation (8)) and lower loss frequency through its reaction with NO (reaction (10)), NO 3 levels in scenario 6 are considerably higher than in scenario 1. The NO 3 increase is partly compensated by the reaction rate of NO 3 with the elevated NO 2 into N 2 O 5 . The N 2 O 5 levels are therefore also higher in scenario 6.
Variations of the Aerosol Surface Area
[52] To study the influence of the aerosol surface area on our results, we performed model calculations with a reduced uniform aerosol surface area of 50 mm 2 /cm 3 (scenario 8 in Table 2 ), and a vertical gradient of the aerosol surface area similar to the PLUME1 case used by Kuhn et al. [1998] and Riemer et al. [2003] , which decreases exponentially from 800 mm 2 /cm 3 at the ground to 200 mm 2 /cm 3 at 100 m altitude (scenario 9).
[53] The aerosol surface area has little effect on [NO] , [O 3 ], and [NO 2 ]. Because of the lower loss frequency of N 2 O 5 by reaction (12) in the reduced surface case, both NO 3 and N 2 O 5 levels are, however, considerably higher than in scenario 1 and the importance of vertical transport of N 2 O 5 as a source for NO 3 in the lower NBL increases. A negative gradient of the aerosol surface area leads to an increase of the rate of reaction (12) toward the ground. However, near the ground the reaction of NO 3 and NO is the dominant sink for the NO 3 -NO 2 -N 2 O 5 system, and the higher rate of reaction (12) has only a weak influence on NO 3 chemistry. The higher aerosol surface area in 20-80 m altitude can, however, lead to a reduction of the levels of N 2 O 5 at the height of the nocturnal N 2 O 5 maximum (see Figure 2) . As a consequence the N 2 O 5 gradient toward the ground decreases (in scenario 9 by $30% after 1 hour, compared to scenario 1), leading to a reduced vertical transport rate of N 2 O 5 .
Vertical Profiles in Rural Air
[54] We applied the NCAT model to three rural scenarios, with a-pinene emission rates ranging from 3 to 15 Â 10 6 molecules/cm 3 s (scenarios 10-12 in Table 2 ). The rural conditions are characterized by a very low NO emission flux from the soil, low initial levels of NO 2 , propene, propane, and PAN, but a relatively high initial mixing ratio of isoprene. Figure 6 shows [NO 2 ] are independent of the monoterpene emission rate. The NO level in all rural scenarios is much lower (less than 200 ppt) than in the urban cases, and NO does not reach altitudes above 10 m in the first six hours of the night. Ozone always has a weak positive gradient and slowly decreases during the night, mainly because of dry deposition (see also section 4.5). Except for the lowest few meters, where NO 2 has a positive gradient because of dry deposition, the NO 2 concentration is constant with altitude. a-Pinene has a negative gradient and a higher level at higher emission rates. As in the urban scenarios, NO 3 and N 2 O 5 generally develop positive gradients. The decreasing concentrations of NO 3 and N 2 O 5 toward the ground are caused by the high a-pinene levels in the lowest 10 m. NO plays a minor role in the development of the NO 3 and N 2 O 5 profiles.
[55] A number of differences in NO 3 chemistry can be observed between the rural and urban cases. The production rate of NO 3 is lower because of the lower NO 2 levels in a rural area. Loss of N 2 O 5 by aerosol uptake has less effect on [NO 3 ] because [NO 2 ] is lower. While the loss frequency of NO 3 due to the NO 3 + NO reaction (reaction (10)) is significantly lower because of the reduced NO levels, the loss frequency due to the reaction with a-pinene can increase. Since in rural air the loss frequency of NO 3 from reactions with terpenes is lower than the loss frequency from reactions with NO in urban air, the gradients of [NO 3 ] and [N 2 O 5 ] are generally weaker under rural conditions.
Discussion

Comparison of Model Results With Field Data and Other Model Studies
[56] Although we did not intend to accurately simulate field data, a comparison of the model results with profile measurements in the NBL reveals that the model reproduces Stutz et al. [2004] ). In particular, the gradients of the observed and modeled O 3 , NO 2 , NO 3 , and N 2 O 5 profiles are in good agreement.
[57] It is interesting to compare the model results to profiles of the NO-O 3 -NO 2 system, [NO 3 ], and [N 2 O 5 ] modeled in other studies. For a case with a low NO emission similar to scenario 10, the model by Galmarini et al. [1997] , for example, predicts a strong negative gradient of [NO] close to the ground. However, we can not compare the temporal behavior of the NO profile because [NO] was fixed to 0.25 ppb at the ground by Galmarini et al. [1997] . Positive gradients of [O 3 ] and [NO 2 ] were also calculated by Galmarini et al. [1997] . In a recent model study, Riemer et al. [2003] compared the vertical profiles of [O 3 ] and [NO 2 ] for a low and high NO x case. Under both conditions a positive O 3 gradient was found. Similar to our results, a positive NO 2 gradient caused by dry deposition was predicted close to the ground, while NO 2 decreased with altitude above 10-20 m.
[58] Although the scenarios differ between this work and the model studies by Riemer et al. [2003] and Fish et al. [1999] , the modeled NO 3 and N 2 O 5 profiles show similar features. A strong positive NO 3 gradient in the lowest 100 m of the NBL was found in all studies. Fish et al. [1999] concluded that in an urban case the reactions of NO 3 with NO emitted near the ground is the cause of the low NO 3 levels near the ground. In the rural plume case calculated by Riemer et al. [2003] , reactions with terpenes emitted from trees were the reason behind the positive NO 3 gradient. Similar to our results, both studies found distinctive maxima of the concentrations of NO 2 and N 2 O 5 at certain altitudes.
Effect of Chemistry on the Eddy Diffusivities of Reactive Gases
[59] The effective eddy diffusivity of a gas, K i (z, t), is defined as the negative ratio of its vertical flux and concentration gradient:
[60] Because chemical reactions alter the vertical flux of a reactive trace gas (section 2.1), the effective eddy diffusivity of a reactive gas can be different from that of an inert gas. Applying equation (5), K i (z, t) can be expressed as product of the eddy diffusivity of an inert gas and a chemistry correction factor.
[61] The chemistry correction factor is closer to unity if a gas a) has a strong concentration gradient, b) is in chemical steady state (because
is negligible), and c) has a short chemical lifetime.
has the same trend as its concentration gradient. Likewise, K i (z, t) is smaller than K inert (z) if both gradients have opposite directions.
[62] In Figure 7 the vertical profiles of the concentration gradients, vertical fluxes, and effective eddy diffusivities of NO, O 3 , NO 2 , NO 3 , and N 2 O 5 are shown using the data of scenario 1 one hour after model start. Note that we did not calculate effective diffusivities for NO, NO 3 , and N 2 O 5 above 50 m since equation (14) is no longer applicable at very weak concentration gradients. The vertical profile of K NO (z, t) in Figure 7 reveals three layers with different chemistry correction factors. Below 10 m the chemistry correction term in equation (14) is, in principle, negligible because the effective time, t NOeff (z, t), is very short (e.g., $1 s in 3 -4 m). The causes of the short effective time close to the ground are the short turbulent timescale, which increases linearly with altitude, and the fast reaction frequency of NO (equation (6)). In a layer between 10 and 30 m, the effective eddy diffusivity of NO is, however, strongly reduced. In the example in Figure 7 , K NO (z, t) is as low as 0.05 m 2 /s at an altitude of 20 m. This value is almost an order of magnitude lower than the eddy diffusivity of an inert gas of 0.40 m 2 /s. The strong reduction of K NO (z, t) in this height interval is mainly caused by the long effective timescale t NOeff (z, t) of $30 s. In addition, the ratio of (14) is a factor of 2 -3 higher in this layer than it is near the ground. Since both gradients have the same trend, K NO (z, t) is smaller than K inert (z, t). The chemistry correction factor for K NO (z, t) again becomes negligible above 30 m because NO establishes a chemical pseudo steady state at higher altitudes.
[63] While we found that a chemistry correction of the eddy diffusivity is necessary for NO, no important changes of the vertical fluxes by chemical reactions were calculated for O 3 , NO 2 , NO 3 , and N 2 O 5 . In the case of O 3 and NO 2 , the eddy diffusivities are only weakly changed by chemistry because for both gases the gradient of the total reaction rate is small compared to its concentration gradient. In the case of NO 3 and N 2 O 5 , the fast interconversion of both gases (reaction system (9a) -(9b)) leads to very short effective times t NO 3 eff (z, t) and t N 2 O 5 eff (z, t) on the order of a few seconds at all altitudes. In addition, the gradients of the total reaction rate are weak compared to the concentration gradients for both gases.
[64] It is interesting to compare our results to other studies on the influence of chemistry on eddy diffusion. Hamba [1993] applied the chemistry correction of equation (5) to a simple NO-O 3 -NO 2 triad during the day. He found a strong reduction of the vertical flux of NO between 100 and 1000 m. The NO gradient seemed to be less influenced by the chemistry correction factor. According to equation (13), this behavior corresponds to a reduction of K NO (z, t). The influence of chemistry on the eddy diffusivities of NO 2 and O 3 was small. Although these model calculations were done for daytime conditions (stronger mixing) and with a very simple chemistry framework, the results seem to confirm that a chemistry correction of the eddy diffusivity should be applied for NO. Galmarini et al. [1997] also observed a decrease of K NO (z, t) compared to the eddy diffusivity of an inert gas for a rural nighttime scenario. Similar to our results, the effect of chemistry on the eddy diffusivity of NO was highest at $10 m altitude, but negligible very close to the ground surface and above 40 m. As in our case only a minor influence of chemistry on the eddy diffusivities of O 3 , NO 2 , NO 3 , and N 2 O 5 was calculated.
[65] Vila-Guerau de Arellano et al.
[1995] derived a reduction of K NO (z, t) over the diffusivity of an inert gas by $50% at 60 m altitude under labile conditions. At higher stabilities no effect of chemistry on the eddy diffusivity of NO was found at this altitude. This result could be ascribed to the variation of the height of the layer, in which K NO (z, t) is reduced, with atmospheric stabilities.
[66] Our results show that it is important to consider a chemistry correction for the eddy diffusivity of NO to correctly calculate vertically resolved chemistry in the NBL. The reduced effective eddy diffusivity of NO around 20 m results in a suppression of the mixing of NO from the ground into higher altitudes, thus forming a sharper borderline between the chemistry in the NO filled ground layer and in higher altitudes. Since NO is important for a number of chemical transformations, its suppressed mixing can have various secondary effects, for example for the vertical profiles of [NO 3 Figure 7 . Vertical profiles of concentration gradients, vertical fluxes, and effective eddy diffusivities for the reactive trace gases NO, O 3 , NO 2 , NO 3 , and N 2 O 5 (scenario 1, one hour after start). Additionally, the eddy diffusivity of an inert gas is shown. Note that because of the very weak concentration gradients the effective eddy diffusivities of NO 3 and N 2 O 5 cannot be calculated by equation (14) above 50 m.
becomes a more important reservoir for NO 3 [Wängberg et al., 1997] . Consequently, at colder temperatures more NO 3 molecules are indirectly destroyed if one N 2 O 5 molecule is removed from the atmosphere. For example, removal of NO 3 by reaction (12) is 46 times more effective at 275 K than at 305 K .
[68] Figure 8 shows the variation of the NO 3 and N 2 O 5 profiles of the urban scenario 1 with ambient temperature (scenario 13: 275 K, scenario 1: 290 K, and scenario 14: 305 K, Table 2 ). Note that the vertical gradient of temperature is very weak in these scenarios. As expected, NO 3 levels are considerably lower at colder temperatures because N 2 O 5 loss is a more effective NO 3 destruction path. At 50 m altitude for example, the NO 3 mixing ratio is 2.5 ppt at 275 K, compared to 16 ppt at 290 K and 79 ppt at 305 K. The factor of 33 between [NO 3 ] at 305 K and 275 K is lower than the factor 46 calculated from reaction system (9a) -(9b) because of other reactions involved in NO 3 chemistry. Although the overall level of NO 3 is different, the shapes of the profile of [NO 3 ] in scenarios 13 and 14 are similar (Figure 8) . However, the shape of the NO 3 profile can change if a temperature gradient is established, for example in nights with a temperature inversion. Then, the strong positive dependence of [NO 3 ] on temperature can lead to the development of a positive NO 3 gradient even in the absence of NO and terpene emissions.
[69] The concentration of N 2 O 5 is less influenced by temperature (Figure 8 ). It is, however, important to note that the N 2 O 5 gradient is weakest in the 275 K case. This is caused by the reduced importance of the NO 3 + NO reaction near the ground at low temperatures. Consequently, downward mixing of N 2 O 5 is a less important ground source of NO 3 in a colder NBL. (12), (at a loss frequency f N2O5 ) can alter the NO 3 -NO 2 -N 2 O 5 equilibrium of reaction system (9a) -(9b). Assuming a purely chemical pseudo steady state, the N 2 O 5 concentration at an altitude z and a time t can be expressed as:
[72] [N 2 O 5 ](z, t) is often used to derive N 2 O 5 levels from field measurements of NO 2 , NO 3 , and aerosol [see, e.g., Stutz et al., 2004] . (15) and the model output is small (Figure 9b ). However, below 10 m vertical transport leads to higher N 2 O 5 , thus shifting the concentrations away from the chemical steady state. Below 1 m the modeled N 2 O 5 levels are higher by a factor of 3 due to downward transport.
[73] To determine whether [N 2 O 5 ] is in a combined chemical-transport pseudo steady state, we also calculated the concentration including the vertical transport term ψ(N 2 O 5 ), which could, for example, be derived from measurements of the N 2 O 5 profile:
[74] The negligible difference between N 2 O 5 from equation (16) and the model output (Figure 9b) shows that, in our scenario, N 2 O 5 is in a pseudo steady state if vertical transport is considered. As pointed out by Brown et al. ., 2001a; Geyer et al., 2001b; Heintz et al., 1996; Martinez et al., 2000] :
[76] Here, f N2O5 and f NO3 represent the total loss frequencies of N 2 O 5 from reaction (12) and of NO 3 from reactions with NO, VOC, and RO x , respectively. Figures 9c and 9d compare the modeled profile of [NO 3 ] with the profile calculated according to equation (17) . Equation (17) severely underestimates [NO 3 ] near the ground (up to 60%), but overestimates [NO 3 ] at higher altitudes (for example by 40% at 20 m). That these large differences arise mostly from NO 3 concentration changes due to vertical transport of N 2 O 5 can be illustrated by expanding equation (17), including Ψ(N 2 O 5 ).
[77] The NO 3 chemical-transport steady state equation (18) simulates the NO 3 profile well (Figures 9c and 9d) . The difference of $3% between the calculated and modeled NO 3 levels is caused by the fact that the N 2 O 5 concentration is slowly changing in time. This temporal change, which constitutes a deviation from the steady state, is more pronounced in the NO 3 than in the N 2 O 5 concentrations.
[78] Our analysis shows that, in cases where N 2 O 5 has a strong vertical gradient, which is often the case in urban areas, it is essential to include the vertical transport rate of N 2 O 5 in the steady state equation of NO 3 to correctly describe the chemistry of NO 3 . In rural cases, where the N 2 O 5 gradient is often less pronounced (section 3.3), chemical steady state calculations may be sufficient to describe the NO 3 profile [Allan et al., 2000; Carslaw et al., 1997; Geyer et al., 2001a; Heintz et al., 1996; Martinez et al., 2000] .
Implications for the Removal of O 3 and Its Precursors
[79] One of the most important aspects of nocturnal chemistry is the removal of ozone and its precursors NO 2 and VOC from the boundary layer. We used our model results to study the vertical variation of the removal processes of O 3 , NO 2 , and VOC in the different scenarios. As an example, the vertical dependence of the different removal processes for scenario 1 after one hour are shown in Figure 10 . We also investigated how well the removal rates of these pollutants can be determined from observation at one single altitude (3 m and 10 m, respectively), i.e., assuming that these rates are representative for the entire NBL, by comparing them to the model results columnaveraged over the lowest 100 m of the NBL (Table 3) . Table 3 also shows the deposition rates for O 3 and NO 2 (integrated for the 100 m deep NBL) derived from the modeled dry deposition flux for each scenario.
O 3 Loss
[80] Figure 10 illustrates that the O 3 oxidation rate changes considerably with altitude in the NBL. For scenario 1, for example, the loss rate is over two orders of magnitude larger near the ground than in the upper NBL (Figure 10 ). This general behavior was found in all scenarios we investigated, and can also be seen by comparing the 3 m and 10 m values in Table 3 . This strong altitude variation leads to considerably higher (typically a factor 2 -10) loss rates at 3 m than those averaged over the NBL in all cases (Table 3 ). The O 3 oxidation rate at 10 m can be lower or higher than the average value for the NBL, depending on the shape of the vertical O 3 profile, but is in general closer to the averaged value than the 3 m value.
[81] Three major processes are responsible for the removal of O 3 from the NBL. (1) Loss of O 3 through the NO + O 3 reaction: In urban scenarios most of the ozone at night is destroyed by its reaction with NO (reaction (7)) near the ground. At the top of the NBL this O 3 loss path is negligible. One can argue that this destruction is not permanent, since the photolysis of NO 2 during the following morning will reform part of the destroyed O 3 . However, only part of the NO 2 formed by NO + O 3 will be available during the next morning. The loss of ozone during the night will therefore proceed indirectly through the loss of NO 2 . With these complications in mind we have included the (Table 3) , and can also play an important role in urban environments (scenario 3). The dry deposition rate of O 3 is a strong function of the vertical profile of [O 3 ], and thus of atmospheric stability and NO emission rate. Under highly polluted conditions (scenario 5), where most of the O 3 near the ground is destroyed, dry deposition has effectively shut down. Approaches to estimate dry deposition fluxes, which assume a fairly uniform distribution of a gas and use data at a single reference altitude (as often used for the convective mixing layer [Wesely and Hicks, 2000] ) may therefore not be applicable in a stable NBL with high NO emissions. (4) Other O 3 losses: A number of other processes, such as the O 3 + HO 2 reaction or the ozonolysis of alkenes, destroy ozone. In all modeled scenarios their impact is negligible compared to the pathways described above.
NO 2 Loss
[82] The oxidation rate of NO 2 in scenario 1 shows only a weak positive gradient. It decreases slightly between 5 and 30 m, and increases again below 5 m toward the ground (Figure 10 ). In all cases the altitude dependence of NO 2 oxidation was less developed than for ozone. In all scenarios (Table 3) measurements at 3 and 10 m altitude underestimate the average NO 2 oxidation rate in the NBL. The underestimation is larger at stronger stability and higher NO emission rates. In the high NO emission scenario 5, for example, measurements at 3 m would underrate the average NO 2 loss rate in the NBL by a factor of 5. In rural cases the vertical gradient of the NO 2 oxidation rate is very weak and in situ measurements of the NO 2 loss rate at night are appropriate.
[83] Two major processes remove NO 2 from the NBL. (1) Dry deposition of NO 2 : In all cases dry deposition is an effective NO 2 sink in the NBL, destroying typically half of the NO 2 in the 100 m high NBL (Table 3) . It is interesting that the dry deposition rate of NO 2 is only weakly dependent on atmospheric stability because the effects of reduced NO 2 levels near the ground and faster transport toward the surface balance each other. However, NO 2 deposition is a strong function of the NO emission rate (scenarios 4 and 5 in Table 3 ). (2) Indirect NO 2 destruction by NO 3 loss: The reactions of NO 3 with VOC, and the conversion of N 2 O 5 into HNO 3 account for roughly half of the nocturnal NO 2 loss in most model runs. The contributions of NO 3 /N 2 O 5 sinks to NO 2 removal are highest in the upper part of the boundary layer. A strong negative aerosol gradient may reduce the positive gradient of the NO 2 loss rate by N 2 O 5 uptake. Because of the low NO 3 and N 2 O 5 levels in the lower NBL, measurements at 3 and 10 m will, however, The dry deposition rate averaged over the NBL is also shown (1 hour after model start). Figure 10 . Vertical profiles of the removal rates of O 3 , NO 2 , and volatile organic carbons in the nocturnal boundary layer (NBL) (scenario 1, one hour after start). While in this urban case most of the ozone is destroyed near the ground by reaction with NO, NO 2 is primarily lost at the top of the NBL.
mostly underrate the contribution of NO 3 /N 2 O 5 to the total NO 2 removal at night.
VOC Loss
[84] The VOC oxidation rate is defined as the sum of all reaction rates of a-pinene, isoprene, propene, and propane with NO 3 , O 3 , and OH. The model predicts that, in most cases, the VOC oxidation rate is only weakly altitude dependent (see also Figure 10 ). Close to the ground the rate increases slightly, for example in scenario 1 from 0.40 ppb/h at 10 m to 0.53 ppb/h at 3 m (Table 3 ). This increase is caused by the elevated OH levels predicted by the model in a layer close to the ground (section 3.1.4). In many cases, measurements at 3 m alone may therefore lead to an overestimation of the VOC oxidation rate. In the high NO emission case, the average oxidation rate in the NBL is higher than the rates at 3 m and 10 m because close to the ground radicals have been effectively destroyed by the high NO levels.
[85] Although the gradient of the VOC oxidation rate is very weak above 10 m, the rates of individual reactions may vary with altitude: The reaction rate of NO 3 with VOC, especially with monoterpenes, is highest in the middle of the NBL. This maximum arises from the opposite gradients of [NO 3 ] and [a-pinene] . Since ozone reacts mostly with alkenes, which do not develop a strong vertical variation in the first six hours of the night in the NCAT model, the oxidation rate of VOC by O 3 reactions is highest at the top of the NBL (where O 3 levels are highest).
Conclusions
[86] A one-dimensional chemical transport model was developed to investigate the influence of vertical mixing on the chemistry of the NO-O 3 -NO 2 system, NO 3 , N 2 O 5 , and other trace gases in the nocturnal boundary layer. The model includes explicit calculation of vertical transport rates, deposition and emission of several species, and nocturnal chemistry. We applied the model to various urban and rural scenarios. The calculated vertical profiles are in good agreement with field observations . From the results of this study we can draw the following conclusions about the development of vertical profiles at night:
[87] 1. In urban areas the NO-O 3 -NO 2 system is generally characterized by negative NO and NO 2 gradients, and a positive O 3 gradient caused by the reaction of O 3 with NO, which is emitted from traffic near the ground. During the night a ground-based layer of elevated [NO] can build up, in which O 3 is completely destroyed. Because of negative feedbacks between NO and the vertical transport rate of O 3 , and between O 3 and the NO emission rate, the buildup of [NO] accelerates at strong stabilities and high NO emissions. In rural areas, dry deposition of O 3 and NO 2 often leads to positive gradients of both gases.
[88] 2. Biogenic VOC such as a-pinene generally have a negative gradient because of their emission in the lower NBL. In addition, the loss frequency of biogenic VOC is often highest at the top of the NBL because of the elevated levels of NO 3 and O 3 in this height. In rural areas the buildup of a-pinene in the NBL accelerates at high a-pinene emission rates because of the negative feedback between a-pinene and NO 3 .
[89] 3. Both NO 3 and N 2 O 5 have positive gradients in the NBL, which are caused by the reaction of NO 3 with NO and a-pinene close to the ground. An additional mechanism for a positive NO 3 gradient is a temperature inversion during night. The NO 3 gradient increases at strong vertical stabilities and high emission rates of NO and a-pinene. The profile of the aerosol surface area has minor influence on the NO 3 profile in urban areas.
[90] 4. The vertical structure of chemistry in the NBL can have a significant effect on the effective eddy diffusivities of reactive trace gases. In a layer near the ground, the eddy diffusivity of NO is significantly reduced by the reaction of NO with O 3 . A chemistry correction factor for NO should be considered in K models.
[91] 5. Downward transport of N 2 O 5 , followed by its thermal decay, often acts as main source for NO 3 near the ground. Vertical transport rates of N 2 O 5 increase at high temperatures and weak vertical stabilities. They also depend on the gradient of the aerosol surface area. In most situations, vertical transport of N 2 O 5 has to be considered in steady state calculations of [NO 3 ] and [N 2 O 5 ].
[92] 6. The oxidation rates of O 3 , NO 2 , and VOC often develop strong vertical profiles at night. Measuring trace gases at one single altitude (for example 3 m) generally leads to an overestimation of the O 3 oxidation rate and an underestimation of the NO 2 loss rate, and are not sufficient to calculate the nocturnal loss of these gases.
[93] Our results show that nocturnal chemistry is extremely altitude dependent. A correct description is only possible if the vertical distributions of trace gas concentrations and vertical transport rates are considered. Further studies on the altitude dependence of nocturnal chemistry and the influence of vertical mixing are therefore needed to better quantify the influence of nocturnal chemistry on the air quality in urban and suburban areas. 
